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alytic activities to broad functional categories. Here, a triple-pronged approach to predict function
for a domain of unknown function, DUF2086, is applied. Distant homology to characterised enzymes
and conservation of key residues suggest an oxygenase function. Modelling indicates that the sub-
strate is most likely a nucleic acid. Finally, genomic context analysis linking DUF2086 to DNA repair,
leads to a predicted activity of oxidative demethylation of damaged bases in DNA. The newly
assigned activity is sporadically present in phyla not containing near relatives of the similarly active
repair protein AlkB.
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Predicting function from sequence and structure is a major
endeavour of protein bioinformatics [1]. Protein function may be
considered and described at several different levels: the same pro-
tein might be most aptly and helpfully considered as a plant de-
fence protein in one context or as a b-1,4-endoglucanase in
another [2]. Similarly, bioinformatics methods shed light on differ-
ent levels of protein function. At the molecular level, a demonstra-
ble evolutionary relationship between a novel protein and a
previously characterised enzyme might suggest that the former
has the same or a similar activity to the latter [3]. Such an approach
is only completely straightforward at high pairwise sequence iden-
tities [4,5] but is still often valuable in cases of distant relation-
ships, detected by sensitive sequence comparisons [6–8],
provided the results are carefully manually checked and, perhaps,
validated by structure modelling. In contrast, non-homology meth-
ods such as genome context, gene fusion and phylogenetic proﬁl-
ing [9] provide much broader functional connections between
genes or proteins, suggesting that they may participate in the same
cellular process without providing speciﬁc molecular predictions.chemical Societies. Published by E
rative Biology, University of
151 795 4414.The advent of pyrosequencing combining with metagenomic
sampling methods has allowed for a new wave of protein sequence
information from previously intractable origins [10]. Although
estimates of the rate of increase vary [10,11], this data deluge re-
veals proteins and protein families bearing no obvious relationship,
by routinely applicable sequence comparisons, to currently anno-
tated proteins [11–13]. Even in model organisms, surprising num-
bers of sequences remain annotated solely as putative or
hypothetical proteins. For example, a recent reannotation of an
Escherichia coli strain concluded with more than a third of pre-
dicted proteins lacking predicted function [14]. Fortunately, while
the volume of data offer challenges, it also offers opportunities:
larger numbers of genomes increase the number of known gene
fusion events and improve the statistical power of genome context
and phylogenetic proﬁling methods [15]. Homology methods also
beneﬁt, through the discovery of sequences ‘bridging’ known fam-
ilies and through increased memberships of families, the added
information allowing more distant evolutionary relationships to
be newly discerned.
A particular challenge to computational annotation are super-
families spanning functionally divergent groups. Historically these
have been particularly susceptible to mis- and over-annotation
(e.g. [16]) and are the targets of genome-scale projects, both bioin-
formatic [17,18] and crystallographic [19]. One such superfamily is
the 2-oxoglutarate, Fe2+-dependent oxygenases (here abbreviatedlsevier B.V. All rights reserved.
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group called the cupins [23]. The 2OG oxygenases catalyse the
incorporation of an oxygen atom, deriving from O2, into diverse
substrates including proteins, nucleic acids and intermediary
metabolites [20–22,24]. Here, we apply a triple-pronged bioinfor-
matics approach to annotate DUF2086 (COG3826) based on initial
assignment to it of a 2OG superfamily fold. A model of a DUF2086
protein exhibits a strongly electrostatically positive surface near
the presumed catalytic site and is strongly predicted to bind
DNA. Finally, by genomic context we ﬁnd that DUF2086 proteins
are consistently linked to genes for repair of alkylated DNA. Taken
together, the data predict that DUF2086 members act, like their
distant AlkB relatives, in the direct repair by oxidative demethyla-
tion of damaged DNA. The DUF2086 distribution includes some Fir-
micutes, a phylum lacking annotated AlkB genes.
2. Materials and methods
HHsearch [7] was used to discern distant homologies between
DUFs and other entries in domain databases or proteins of known
structure. HHsearch assigns a probability value to a match based
on sequence similarity of hidden Markov models representing
query and database entry, supplemented by consideration of the
match of (predicted) secondary structure between them. In this
work only probabilities of greater than 0.8, corresponding to very
conﬁdent matches, were considered.
HHsearch was used to obtain initial alignments of sequences
with possible templates for comparative model building. Metal
and 2-oxoglutarate ligands were included in the model and were
derived from the structure of E. coli AlkB (PDB code 3khc; [25]).
The major template used was putative oxygenase from Shewanella
baltica (PDB code 3dkq; unpublished). Structures were superim-
posed with MUSTANG [26] and the resulting alignments processed
with STACCATO [27]. Models were built with MODELLER [28].
Since the alignments implied the existence of two large insertions
in the target with respect to principal template (Fig. 1), the specia-
lised loop modelling protocol of MODELLER was used. For insertion
1, secondary structure restraints deriving from an a-helical predic-
tion by PSIPRED [29] were incorporated. For later models, theFig. 1. Sequence alignment of the 2OG oxygenase domains of four representative DUF20
given their UniProt identiﬁers, structures are shown as PDB code, followed by abbreviat
coli) and activity (P4H, prolyl 4-hydroxylase). Comparison of the predicted secondary stru
principal template, 3dkq, is shown beneath the alignment. Key metal or 2-oxoglutarat
regions are the principal contributors to a conserved patch near the catalytic site that mstructure of an algal prolyl hydroxylase (3gze [30]) was addition-
ally used as template for insertion 2. This was because the 3gze
loop is closer in length to that of the target than the much shorter
loop in 3dkq and bears sequence similarity to the target. Improved
model quality resulted from the use of 3gze as an additional tem-
plate. The DOPE score [31] of MODELLER, VERIFY_3D [32] and PRO-
CHECK [33] stereochemical analysis were used for model
validation e.g. comparison of different possible locations for the
insertions in the DUF2086 protein. MODELLER was also used to
measure percentage sequence identities. MUSCLE [34] was em-
ployed for sequence alignment and Jalview 2 [35] for visualisation
and manipulation of the results. An alignment of all DUF2086 full-
length sequences, reduced in redundancy to a 95% level in Jalview
2, was used in conjunction with the CONSURF server [36], to map
sequence conservation onto the ﬁnal model. DNA_BIND [37] was
used for (model) structure-based prediction of DNA binding ability
and APBS to calculate electrostatics [38].
Local mining of STRING [15] with proteins in DUF2086 discov-
ered multiple strong (score > 0.6) connections to families of DNA
repair proteins. Such families derived from the eggNOG database
[39], which encompasses and extends the COG/KOG database
[40]. Genome contexts were visualised in STRING, with BAGET
[41] used to discover additional families of DNA repair-related
genes in the vicinity of genes coding for DUF2086 proteins. Reci-
procal genome BLAST [42] runs were used to conﬁrm relationships
within the new families. Phyletic distributions, in particular to
determine which species contain a DUF2086 protein but no regular
AlkB, were analysed by comparing between Pfam and COG entries
and conﬁrmed with BLAST searches.
3. Results and discussion
3.1. DUF2086 contains a 2OG superfamily fold
HHsearch results, based on comparison of hidden Markov mod-
els, conﬁdently located a 2OG superfamily fold in DUF2086. For
example, with the Ralstonia solanacearum protein (UniProt ID:
Q8XWA7; locus name RSc2567) searching against Pfam entries,
probability scores included 99% for 2OG-FeII_Oxy_3 (PF13640,86 proteins with three experimentally determined structures. DUF2086 proteins are
ed species (Sb, Shewanella baltica, Cr Chlamydomonas reinhardtii and Ec, Escherichia
cture of the modelled DUF2086 sequence and the actual secondary structure of the
e binding residues are picked out in pink or orange, respectively. Boxed DUF2086
ay be involved in substrate binding (see text).
ig. 2. Three views of the ﬁnal model showing (A) a cartoon representation
loured blue (N-terminus) to red (C-terminus), except for insertions 1 and 2 (see
ig. 1) which are shown as light and dark grey, respectively, with sticks for 2-
xoglutarate (pink) and key catalytic residues (white – see also Fig 1) and a sphere
r bound metal, (B) solvent accessible surface coloured according to electrostatic
nalysis with APBS [38] (the colours blue to red range from +3 to 3 kb T/ec, where
b is the Boltzmann constant, T is the temperature in Kelvin and ec is the charge of
n electron) and (C) sequence conservation mapping onto a molecular surface with
ONSURF [36] (most conserved residues in blue, least conserved in red). In (b) and
), the backbone trace of double-stranded DNA bound to superimposed E. coli AlkB
shown in orange. The ﬁgure was made with PyMOL (http://www.pymol.org) as
as Supplementary Fig. 1.
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containing various eukaryotic nucleic acid-modifying activities
[44,45]), 98% for phytanoyl-CoA dioxygenase (PF05721) and 97%
for 2OG-FeII_Oxy (PF03171, containing, amongst others, AlkB
[46] discussed later). The relationship of DUF2086 to these and
other 2OG superfamily groups is also evident in the membership
of DUF2086, in more recent Pfam releases, in the Cupin clan
(CL0029).
The scores and ranking of known protein structures that could
be matched to DUF2086 were also unambiguous but uninforma-
tive with respect to detailed function prediction. The same R. solan-
acearum protein gave 99% probability scores against an
uncharacterised, putative oxygenase from S. baltica (PDB code
3dkq; unpublished) and prolyl hydroxylases from both human
(2y33; [43]) and bacteria (3itq; [47]). AlkB structures scored less
well with a probability score of 96%. The best alignments were
essentially full-length and show good agreement between the pre-
dicted secondary structure of the DUF2086 protein and the actual
secondary structure observed in the structure (Fig. 1) despite the
presence of two large insertions in the DUF2086 protein with re-
spect to the structure. Furthermore, key residues conserved across
the 2OG superfamily for binding the Fe2+ and 2OG cofactors were
present and conserved in DUF2086 (Fig. 1). Evidently, DUF2086
contains a 2OG superfamily fold and the obvious prerequisites
for activity, but these distant homologies offer few clues to its spe-
ciﬁc molecular function.
3.2. Structure modelling of DUF2086
As mentioned, several distinct families with the 2OG superfam-
ily fold act on nucleic acids. Nucleic acid binding may be quite con-
ﬁdently predicted by structure-based analyses using, for example,
electrostatic characteristics and residue distributions [37]. Such
methods may be quite resilient in the face of structural error
[37] so may be used with approximate models, and in conjunction
with other data, for prediction of DNA-binding families [48].
A model of the R. solanacearum protein was therefore con-
structed using the top template hit 3dkq as a principal template,
supplemented with 3gze, an algal prolyl hydroxylase, for insertion
2 (see Fig. 1). The target aligned with the whole of 3dkq with the
exception of a C-terminal a-helical hairpin which is not present
in other structures and which is sited far from the catalytic site.
The ﬁnal model (Fig. 2) obtained a normalised DOPE score [49] of
0.62, contained no regions ﬂagged as unfavourable by VERIFY_3D
and had no residues in disallowed areas of the Ramachandran plot.
These characteristics together indicated a good quality model, de-
spite the low 18% sequence identity shared by the DUF2086 target
and 3dkq, in which the insertions must nevertheless be considered
as having the lowest reliability.
Analysis of the ﬁnal model strongly supported a DNA-binding
function: it was predicted by DNA_BIND [37] to bind to DNA at a
threshold corresponding to an estimated false positive rate of just
8%. This prediction was not dependent on ﬁne details of the ﬁnal
model since all models produced were predicted to bind DNA at
a 10% false positive rate and many gave stronger scores than the
ﬁnal model. In striking contrast, the template used for modelling
did not predict as DNA binding. A comparison of the electrostatic
properties of DUF2086 model and template shows a dramatic dif-
ference, with the model containing a large highly positively
charged area in the vicinity of the mouth of the catalytic site
(Fig. 2b) while the corresponding region of the template shows a
mixture of positive and negative charges (not shown).
In the template the iron ion and cofactor are buried beneath the
protein surface suggesting that the crystal structure has captured
an inactive conformation. Indeed, there are precedents in the











wupon substrate binding [30]. Conservation mapping reveals a large
strongly conserved patch (towards the right in Fig. 2c) which inter-
sects with the positively charged patch (Fig. 2b). This is at least
suggestive that DUF2086 binding a large substrate such as DNA,
as opposed to the small organic metabolites that are substrates
for other members of the 2OG superfamily. The two principal
Fig. 3. Genome context links COG3826 (DUF2086) genes to DNA repair in several phyla. Species names are coloured by phylum or class: black, Gammaproteobacteria; red,
Alphaproteobacteria; dark blue, Betaproteobacteria; cyan, Firmicutes; magenta, Planctomycetes; green Actinobacteria. COGs and NOGs are represented as different coloured
arrows, the arrow indicating the direction of transcription. The diagram is based on relationships discovered in STRING [15], themselves derived almost exclusively from
genome context. Italicised text indicates elaboration or modiﬁcation of COG or NOG names according to our own domain analyses. In particular, note that COG2169 is
misnamed as adenosine deaminase, perhaps due to misannotation of some individual entries (see, for example, UniProt ID: C7MAP3). Ada_N-like and Ada_C-like refer to the
distinct methyltransferase reactions catalysed by the two halves of archetypal Ada proteins such as that from E. coli (see text for details). COG2169 and NOG44317 each have
the Zn-containing reactive domain of the Ada_N-like activity but differ in the presence only in the former of an additional predicted DNA-binding domain.
L.V. Mello, D.J. Rigden / FEBS Letters 586 (2012) 3908–3913 3911contributors to this conserved patch are boxed in Fig. 1 and each
contains conserved basic residues not found in the template orAlkB. When the single- or double-stranded DNA structures
co-crystallised with E. coli Alk B protein [25,50] are positioned on
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and c). A comparison of the loops interacting with double-stranded
DNA and their counterparts in the ﬁnal model (Supplementary
Fig. 1) shows signiﬁcant differences in length and conformation.
One signiﬁcant contacting loop in AlkB, from residues 71–76, has
no counterpart in DUF2086 (Fig. 1). Even allowing for a potential
conformation change in the DUF2086 model on substrate binding,
the data suggest that catalytic activity towards DNAmay have aris-
en more than once independently in the 2OG superfamily.
3.3. DUF2086 is associated with DNA repair function
In order to take advantage of the non-homology functional
information in the STRING database, which treats computationally
predicted orthologous groups, we determined that DUF2086 corre-
sponds to COG3826. Numbers in the two groups differ at the time
of writing – 206 sequences in 174 genomes in DUF2086 of Pfam
version 26.0, 97 proteins in 83 genomes in COG3826 as at STRING
9.0. Pfam 26.0 and STRING 9.0 contain 2223 and 654 bacterial gen-
omes, respectively. Comparing sequence identities pairwise, all but
four DUF2086 members (excluding partial and frame-shifted se-
quences) matched a COG member to >60%, a level at which func-
tion is generally conserved between pairs of enzymes [5]. This
suggests that information obtained for COG3826 can be conﬁ-
dently applied to the vast bulk of, and probably all, DUF2086
proteins.
There are various 2OG superfamily activities acting on nucleic
acid substrates, including enzymes for tRNAmodiﬁcation [51], pro-
cessing of nuclear mRNA [52], synthesis of the unusual DNA base J
in trypanosomatids [45] and oxidative demethylation of both dam-
aged DNA and RNA [53]. Local searches and browsing STRING on-
line immediately revealed a very strong connection of COG3826 to
repair of alkylated DNA. This arises largely from genomic context –
COG3826 (DUF2086) genes are consistently found neighbouring
those encoding DNA repair proteins (Fig. 3), principally those asso-
ciated with repair of methylation damage. As reviewed [54], such
damage – which may affect guanine, adenine and cytosine bases
as well as the phosphodiester backbone – is dealt with in various
ways by cells. O6-methylguanine is repaired by irreversible direct
transfer of the methyl group onto a Cys residue of a DNA-binding
domain. In the E. coli enzyme Ada, this activity is contained within
the C-terminal half, the N-terminal portion encoding a
Zn-containing domain which accepts methyl groups from the
phosphodiester backbone in a similar sacriﬁcial fashion [55].
Reaction of the N-terminal domain leads to its transcriptional acti-
vation of the ada methylation-resistance regulon [56] resulting in
expression of AlkA and AlkB. These proteins exemplify the remain-
ing modes of methylated DNA repair: AlkA is a 3-methyladenine-
DNA glycosylase, triggering base excision repair while AlkB, a 2OG
superfamily member, catalyse oxidative dealkylation of damaged
adenine and cytosine bases. As Fig. 3 shows, all of these are found
in the genomic neighbourhoods of COG3826 (DUF2086) genes, as
are members of COG3145, containing E. coli AlkB and relatives. In
Firmicutes, members of COG1533, encoding photolyases for DNA
repair of pyrimidine dimers, are also located nearby.
Taken together, these data strongly link DUF2086 to DNA repair.
Given its predicted oxygenase activity and likely nucleic acid sub-
strate, the most likely speciﬁc function for DUF2086 is oxidative
demethylation of damaged DNA. Functionally, it would thus
resemble AlkB in the same superfamily, although bearing no par-
ticularly strong relationship to it (Fig. 1). A cautionary note must
be sounded in view of recent data showing that some AlkB homo-
logues unexpectedly lack demethylase activity [57], but it remains
the case that most characterised AlkB relatives are catalytically ac-
tive oxygenases. We analysed the co-occurrence of COG 3145
(AlkB) and COG 3826 (DUF2086) at the species level (eliminatingstrain redundancy) in STRING 9.0. This covers 591 species, 220
containing an AlkB protein, 62 having DUF2086 and 57 containing
both. A v2 test supports a positive association between the occur-
rences of the two families with P < 0.0001. In 17 out of 57 species,
gene pairs are separated by ﬁve or fewer other genes suggesting
they reside in shared operons. The family co-occurrence suggests
that the two groups may have distinct preferences for different
methylated bases, working together in species with a high
requirement for methylated DNA repair. Indeed substrate speciﬁc-
ity varies even within the AlkB group [58]. Despite the signiﬁcant
co-occurrence of AlkB and DUF2086, DUF2086 proteins are present
in some Firmicutes and Planctomycetes, phyla in which conven-
tional AlkB enzymes are not visible in current sequence databases.
In both phyla, genomic context supports a DNA repair roles (Fig. 3),
although it remains unclear why, for example, Bacillus cereus and
Bacillus thuringiensis contain DUF2086 proteins but B. subtilis and
Bacillus anthracis do not. A similarly patchy distribution has been
observed for the AlkB family [58]. At the strain level, DUF2086 pro-
tein presence seems consistent so, for example, the various strains
of Burkholderia pseudomallei and Burkholderia cenocepacia in
STRING 9.0 each contain a COG3826 gene. There has been specula-
tion as to the absence of AlkB in many organisms [57,58] with
alternative pathways highlighted [59]. These data suggest that
DUF2086, and potentially other currently unrecognised groups in
the 2OG superfamily, may substitute for recognisable AlkB proteins
in some species.
In conclusion, this workwell illustrates the synergy of functional
data from different bioinformatic sources. The ﬁnal predicted
function of DUF2086 – a family for oxidative demethylation of
damaged DNA – would not have been so speciﬁc or reliable had
any individual element been missing, yet automated methods
would not currently be able to draw together the different
predictive strands.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2012.09.
023.
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